Nanoscale electronics based on two-dimensional dopant patterns in silicon
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A nanoscale fabrication process compatible with present Si technology is reported. Preimplanted
contact arrays provide external leads for scanning tunneling micros&pd)-defined dopant
patterns. The STM’s low energy electron beam removes hydrogen from H termindf€i)Si
surfaces for selective adsorption of Phrecursor molecules, followed by room temperature Si
overgrowth and 500 °C rapid thermal anneal to create activated P-donor patterns in contact with
As*-implanted lines. Electrical and magnetoresistance measurements are reported here on 50 and 95
nm-wide P-donor lines, along with Ga-acceptor wires created by focused ion beams, as a means for
extending Si device fabrication toward atomic dimensidc@2004 American Vacuum Society.
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[. INTRODUCTION nology, it will be necessary to integrate this process with
. ) standard Si microprocessing. Toward that goal, we have de-
Lithography, interfaces, and external contacts are thre@eloped a low-temperature UHV process to produce atomi-
major challenges in developing r)anoscale e_Iectronics. A fev&a"y flat and clean surfaces by low energy* Aon sputtering
years ago, we proposed selective adsorption of Rt8l- o) iowed by a 700 °C annedlin this article, we demonstrate
ecules onto scanning tunneling microsc@&M) patterned  {hat the complete P-donor patterning process is compatible
H-terminated Si100) surfaces to create P-donor electronicsyith preimplanted contact arrays. Nanometer lines defined
embedded into the Si crystalA major advantage of this by STM lithography, and focused ion beam wires, are char-

approach is the relatively large Bohr radius of dopant atoms,terized by electrical and magnetotransport measurements.
offering the possibility for control of electron tunneling at

~10 nm dimensions and greatly reduced lithographic de-
mands for tunnel junctions. We and other researchers haJé DEVICE TEMPLATES: PROCESSING AND
subsequently demonstrated that ultradenselders can be CHARACTERIZATION
grown into Si with a fully activated carrier density efl Figure Xa) shows the schematic for a two-terminal device
X 10" cm?, showing metallic conductivity of a two- template consisting of 200 pairs of interdigitated finger con-
dimensional electron gas (2DEG) at cryogenic tacts implanted with 40-50 keV Asions at a dose of 1
temperatureé? Schofieldet al. also demonstrated that STM x 105 cm?, into a p-type substrate with B doping of 3
electron stimulated desorptiqieSD) can be used to attach x 10 cm3. The width of the implanted fingers is 1.28n
individual PH, precursors to atomically positioned Si dan- and the gap between them is 0.@%. These highly degen-
gling bonds on the otherwise H-terminated surfateorder  eraten® lines will serve to connect a P-donor device structure
to realize atom-scale devices as prototypes for a future techo be fabricated across one of these gaps to external leads,
through the top and bottom pads of the implanted array. The
Author to whom correspondence should be addressed: electronic maiiCtivation anneal of 550C/5 min is performed in the low
tcshen@cc.usu.edu vacuum load-lock of our ultrahigh vacuutWHV) system.
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Fic. 1. (a) The schematic of the two-terminal
device template(b) AFM image of a device
template. The dark region is Asmplanted
and is 4.3 nm lower than thetype substrate.
(c) STM image of a template after UHV pro-
cessing.(d) A linescan across the boundary
between an Asimplanted finger and the
substrate.

Distance (nm)

Defective templates are screened out at this point by measumore atomic layers of Si at room temperature, followed by a
ing the (nominally open resistance across the interdigitated rapid thermal anneal to 500 °C. The surface of the overlayer
finger array at 4.2 K. Measured resistance of a useable tenis conformal to the original surface, and STM images indi-
plate is typically>1 G(Q) for a bias range of several volts cate good epitaxy. The same processumpatterned tem-
before breakdown occurs. These templates are subsequengiates leads to an earlier breakdown of nominally open finger
cleaned by the standard RCA procecfmad dipped in aque- arrays, but the voltage range Bfl G(} resistance at 4.2 K is
ous HF solution(49%) before being reintroduced into the still greater than £2 V, sufficient for nanoscale device fabri-
UHYV system. In atomic force microscop®FM) images, the cation.

As*-implanted fingers are usually lower than the substrate

after HF etching, as shown in Fig(kd, presumably due to Ill. P-DONOR LINES

enhanced oxidation and subsequent removal. The amount of To demonstrate that device structures can be fabricated

surface height difference depends upon the conditions of anagjgethe Si crystal and connected to macroscopic leads, we
nealing, wet chemical etching, and the miscut in each par-

ticular wafer.

Once inside the UHV, the template’s surface is sputtered
by 300 eV Af" ions far 1 h in achamber back filled with Ar
to 5x 10°° Torr. A residual gas analyzer is used to insure
that the impurity level of other reactive gases<i¢0™*. The
sputtering rate is~13 nm/h based on AFM measurements.
After Ar* ion sputtering, the template is annealed to 700 °C
for a few seconds. Finally, a single atomic layer of “H-atom
resist” is applied by positioning the sample 6 cm from a hot =
W-filament in the presence ofX10°® Torr H, for 5 min at 401 (b) P
~350 °C. The surface of a typical UHV-processed template
is depicted in the STM image in Fig(d, where the darker 20-
(lower) region is an A&implanted finger. Atomic terraces
are clearly visible in both regions. Figurgéd] shows a line 0 .@p‘%'
scan across the boundary, indicating a 0.5 nm recess of the T=0.3K .7 | . 50nm wide
As*-implanted region from the-type substrate that is ac- -20 Nt
ceptable for STM lithography. This low-temperature surface * 95nm wide
preparation technique provides a flat, unaltered surfage at 401 7 1
-n junctions; interesting details will be reported elsewhere. ——ty ————r

STM e-beam Iithograpﬁyis used to remove H atoms 1510 -5 0 5 10 15
from the desired pattern, creating bare Si dangling bonds for V(mV)
selective adsorption of _Pg—|precu!’sor molecules at room FiG. 2. (a) STM image of a 33 nm wide pattetbetween markson an UHV
temperature to a saturation density-efl/4 ML. The P at-  processed H-terminated template) 1V characteristic of 50 and 95 nm
oms are converted into activated donors by growir20 or  wide, 0.75um long P-donor lines at 0.3 K.

I(nA)
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Fic. 3. Magnetoresistance change fof-&ayer, 95 and 50 nm wide P-donor -0.51 ) 1-w!re E
lines at 0.3 K. 4-wires
(b)
patterned relatively wide P-donor lines across the gap be- L0 05 \?(\9) 05 ‘10

tween two A$-implanted fingers. Figure(8) shows a typical

pattern where surface hydrogen has been completely desrw. 4. (a) Electron micrograph of a 200 nm wide Ga-acceptor wire im-

orbed by 7 V electrons from the STM tip within a 33 nm planted by focused ion beam between two"Amsplanted fingers(b) I-V

linewidth. Some of the bl’ight protrusions on the rest of thecharacteristics of 1 and 4 Ga-acceptor wires, each 200 nm wide, between a
: . ; pair of As'-implanted fingers at 0.3 K.

surface are residual dangling bonds after H expogofiteers

are Si ad dimefs Most of these isolated sites are single
dangling bonds that do not adsorb Ptolecules. As are- o 4 nm? so we find that this P-donor line can carry a
sult, resistance at a{&scale is maintained between the fin- o rant density of at least25 kA/cn? at 4.2 K, comparable
gers after Si overgrowth with and without Rléxposure on 4 tpe capacity of a highly doped Si nanovv’rpe.
unpatterned templates. o Magnetoresistance for the P-donor line samples was mea-
Figure 2b) shows 0.3 KI-V characteristics for 50 and 95 g req in a perpendicular magnetic field from 0 to 7 T at 0.3
nm wide P-donor lines after PHexposure and 2.8 nm Si- i Figure 3 compares the strong negative resistance peak at
overgrowth. The data for these samples shows a total ohmig— for an unpatterned Blayer with results for the 50 and
resistance of 337 and 174X respectively. Carriers n the 95 nm lines. This negative resistance peak is a weak local-
nondegenerat@-type substrate are frozen out at this tem-jzation effect due to diffusive scattering in a metallic 2DEG.
perature,_so electron conductance_ is totally F;onfmed to therom previous analysis, we infer an electron phase coher-
P-donor line and the degenerately implanted fingers. To chagpce length of-150 nm for the unpatterned Player. When

acterize the fingers, we fabricated a few test structures conpe Jine width becomes less than the phase coherence length,
sisting of 1-4 continuous Asmplanted lines of the same

width as the fingers, connected to top and bottom pads. The

resulting I-V characteristics yield an average resistance of 2 . . . . i —
~120 K}/line across 0.8 mm at 0.3 K, with a spread of . ® oo
~30 k€)/line. From this average for the fingers, we infer a 3 1- ...,....“..'a-.-"’-
net P-donor line resistance 6f220 and~50 k() for the 50 S . ™

and 95 nm lines, respectively. These results do not appear to r=) 0+ . ..,:,-..'"" T
scale with inverse linewidtlieven with the large uncertainty E{-'] _f'-“-'"-‘,-.‘..-'-" * {1-wire |
in finger resistanggand imply sheet resistances significantly =, > 4-wires
greater than previously reported for unpatternetil@®ers*> o -24- J
These apparent discrepancies could be caused by a number E:’ 3 |

of process variables that are not yet under accurate control, _1 =91

)

and/or unanticipated effects at the finger/line interfaces; or @,_4
simply by increased boundary scattering in narrow lines. @ =" |
More measurements are in progress to clarify this situation. '_'_
Nevertheless, the present process should be good enough to 0 )
explore possibilities for high impedance devices like planar
tunnel junctions and single-electron transistors. The maxi-
mum current passed through the 95 nm wire is 100 NAgc 5. Magnetoresistance change for the 1 and 4 Ga-acceptor wires at
Simulations of the R-layer indicate an electrical thickness 0.3 K.
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the 2D peak is expected to be suppressed and 1D localizati@tomically clean and flat surfaces for fabrication of epitaxial
theory should be applied. Both the 50 and 95 nm lines disdevice structures. Here, low-energy electrons from a STM tip
play significant deviations of this type from the magnetore-were used to pattern the H-terminated180) surface and
sistance behavior of thélayer. In addition, we find that the grow P-donor lines into the Si crystal lattice from pPpre-
magnitude and functional form of the low-field magnetore-cursor molecules. Much of our future work will focus on
sistance data for the two P lines are consistent with an earligyossibilities for realizing planar tunnel junctions and single-
work by Choiet al** where a wide channgB00 um) and a  electron transistors by inserting10 nm gaps into P-donor
narrow channel0.2 um) were etched into a high mobility lines of this type. Electron transport and material properties
GaAs/AlGaAs 2DEG system. This result implies that our Siof these structures will need to be understood more thor-
nanofabrication process can provide an interesting way toughly before nanoscale devices can be reliably evaluated.
investigate 1D weak localization in the diffusive regime The UHV process described here can be used to explore
where the phase coherence length is small. Similar result:iany of these issues. Samples containing FIB implants can
from a 90 nm P-donor line in Si have recently been reportede cleaned up to the same level as the templates shown in
by Ruel3et al? using a different approach where electrical Fig. 1(c), opening additional opportunities to integrate

contacts are applied after STM lithography. focused-ion beams with STM-defined dopant patterns for
prototyping small circuits.
IV. GA-ACCEPTOR WIRES Thus far, we have used STM for nanoscale lithography

nd for monitoring process development at the atomic level.
Growing arrays of dopant atoms into the Si crystal lattice
offers a natural extension of current technology to the atomic
case, FIB implants are attractive for connectird.0 nm scale where quantum effects can be exploited. Other electron

scale dopant patterns formed by STM lithography to microrSOUrces, such as low energy e-beam microcolumns, might be
size electrodes. Our ion-implanted template should provide 4€veloped in the future for large-scale applications at sub-10
good initial test bed for exploring this approach. Figute)4 nm resolution if this approach turns out to be successful.
shows a 200 nm-wide wire implanted with 30 keV*Gans

in a FEI Strata 235 dual beam FIB at a dose -6b

X 10'® cmi?, across a gap between Asnplanted fingers.
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